Introduction
Human hypertension is an aetiologically complex trait, 1 which displays substantial heritability in family and twin studies. [2] [3] [4] [5] The autonomic nervous system is a key regulator of minute-to-minute changes in blood pressure. 6 Autonomic dysfunction in hypertension seems to be heritable [6] [7] [8] [9] [10] [11] [12] [13] and alterations in autonomic activity may precede overt hypertension in subjects at genetic risk of the syndrome. [6] [7] [8] [9] [10] [11] [12] [13] Previous allelic association (ie, case/control) studies in hypertension have documented the role of allelic variation (or allele frequency differences) at adrenergic receptor loci (ADRB2, 14, 15 ), postreceptor signal transduction component loci (GNAS1 16 , and GNB3 17 ) , and catecholamine biosynthetic enzyme loci (TH 18 ). Genomewide linkage scans for blood pressure elevation have also implicated several chromosomal regions harbouring genes likely to affect autonomic activity. 19 In order to facilitate more comprehensive allelic association studies of autonomic dysfunction in hypertension, we sought to define chromosomal positions for loci encoding proteins crucial for the operation of the sympathetic neuroeffector junction.
Here we report such localizations, using human/ hamster cell radiation hybrid libraries as a mapping tool. [20] [21] [22] Our results suggest that a cluster of such loci occurs on chromosome 5q, a region linked to variation in systolic blood pressure in humans. [23] [24] Materials and methods
PCR primer design
Primer pairs were designed for human candidate loci using human nucleotide information from genomic reference clones in the National Center for Biotechnology Information owww.ncbi.nlm. nih.gov4 and online Mendelian inheritance in man (OMIM) at the same internet address. Complete intronic coding regions (in FASTA format) were chosen as targets for polymerase chain reaction (PCR) amplification. Noncoding regions were used as template targets, either intronic or 3'-untranslated regions (eg, ADMR) to avoid amplification of conserved sequences across species. Once the desired regions were identified, MacVector (Oxford Molecular) was used to design primer pairs, typically 21-24-mers spanning 200-400 bp target regions (amplicons), and avoiding primer dimer formation. Primer pairs with the lowest practical percent G/C content (typically o60% G/C) were chosen for annealing temperatures between 45 and 651C.
PCR primer optimization
Optimization of primer pairs for PCR was performed on plates containing duplicate wells of evaporationdried template genomic DNA (50 ng in 10 ml; ie, 5 ng/ ml). The DNA templates for optimization were human genomic DNA, hamster genomic DNA, and a negative control (no DNA). The mixture for an individual PCR reaction (10 ml) consisted of the following final concentrations: 400 nM forward/ reverse primers, 0.2 mM dNTPs (Genset), 0. 4 , 0.85 mg/ml bovine serum albumin), supplemented with 18 MO deionized/distilled water (Sigma), to achieve the final desired total volume (10 ml/amplification). 'Touch Down Profile' programs (MJ Research, Watertown, MA, USA) were used, which began at annealing temperatures of 661C and ran down to 501C at 11C/ cycle for the first 16 PCR cycles, followed by a uniform three-step amplification profile (941C denaturing step for 30 s, 501C annealing step for 30 s, 721C extension step for 30 s) for another 24 cycles, then finally holding at 101C. After PCR, the products were visualized using 2% agarose gels and ethidium bromide stain. Primers that amplified only human (but not hamster) DNA targets were further applied to the radiation hybrid (RH) panels. 
RH mapping
The GeneBridge4 RH library (G4) RH 14,15 mapping panel (Research Genetics, Huntsville, AL, USA) is a human/hamster somatic cell hybrid panel, in which donor human fibroblasts were X-irradiated at 3000 rad, fused to hamster A23tk-cells, and 93 clones were selected in HAT (hypoxanthine/aminopterin/thymine) media. 15 The mapping resolution of this RH library is approximately B1 to 1.5 Mb. The approximate physical distance conversion scale for this 3000 rad G4 RH library is 1 cR 3000 (centiRay 3000 )E270 kbp.
Two loci (VMAT1 and VMAT2) were mapped using the Stanford G3 RH library, 14 which has n ¼ 83 clones derived from a 10 000 rad irradiation of human genetic material. To convert G4 cR 3000 to G3 (Stanford G3 RH panel) cR 10 000 . the approximation is: 0.1 cR 3000 E1.0 cR 10 000 .
G4 RH panel genomic DNAs were diluted 1 : 5 (to achieve 50 ng in 10 ml; ie, 5 ngml), and then underwent the same amplification procedure as for optimization (see above). Each locus (primer pair) was RH-mapped twice.
Informatics

G4 library amplification results (n ¼ 93 clones)
were transmitted to the Radiation Hybrid Mapping server at the Whitehead Institute ohttp:// www-genome.wi.mit.edu/cgi-bin/contig/rhmapper4. Selected Log 10 of the odds ratio for assignment to a particular chromosomal position (LOD) thresholds were always LOD 47, and were incremented to as high as LOD 417 in order to achieve mapping to a single chromosome. Results are reported as the LOD value in comparison with the next best model for marker order.
In order to compare our G4 mapping results to marker positions previously determined by other laboratories in screening G3 (Stanford G3 RH panel, irradiated at 10 000 rads) RH maps, we used this approximation: 0.1cR 3000 E1.0 cR 10000 When marker order could be assigned for only a single nearby marker, rather than interpolated between two markers, the results are reported as the distance from that single nearby marker, in 7 cR 3000 units.
Results and discussion
Human hypertension is a complex trait 6 with substantial heritability. [2] [3] [4] [5] The autonomic nervous system plays a central role in minute-to-minute control of blood pressure, and heritable alterations in autonomic function are associated with hypertension. 6 Therefore, we sought to assign chromosomal positions for loci encoding crucial components of the sympathetic neuroeffector junction (Figure 1 ), in order to facilitate studies of the genetic underpinnings of autonomic alterations in hypertension.
A total of 42 loci encoding key components of the sympathetic neuroeffector junction have been tabulated in Table 1 . Of these, 13 were newly mapped here: 11 using the G4 RH panel, and two with the G3 panel. The remaining 30 loci were previously mapped, with information provided by GeneMap Figure 2 Chromosomal clusters of adrenergic candidate loci observed during RH mapping. The map units are cR 3000 , where 1 cR 3000 corresponds to B270 kbp. Abbreviations: ADM, adrenomedullin; ADRA1B, alpha-1 B-adrenergic receptor; ADRA2A, alpha-2A-adrenergic receptor; ADRB1, beta-1-adrenergic receptor; ADRB2, beta-2-adrenergic receptor; DRD1, dopamine receptor isoform 1; DRD2, dopamine receptor isoform 2; DRD4, dopamine receptor isoform 4; GPRK6, G-protein-coupled receptor kinase isoform 6; NPY6R, neuropeptide Y receptor isoform 6; TH, tyrosine hydroxylase; VMAT2, vesicular monoamine transporter, isoform 2. (a) Chromosome 5q, in a region linked to systolic blood pressure. The microsatellite marker linked to systolic blood pressure variation in sibling pairs is D5S1471, 23, 24 while the microsatellite associated with systolic blood pressure variation is D5S2093. 23, 24 A neuroeffector candidate locus newly mapped by the RH technique to chromosome 5q is ADRA1B. Of the newly mapped loci, two (NPY6R and ADRA1B) were found to be located near a region on chromosome 5q previously found to be linked to (D5S1471) and associated (D5S2093) with systolic blood pressure in a genome scan of discordant sibling pairs 23, 24 . Of note, this region ( Figure 2a ) includes not only several adrenergic receptors (ADRB2, ADRA1B, and DRD1) but also a G-proteincoupled receptor kinase (GPRK6), and an NPY receptor gene encoding a truncated protein (NPY6R). 25 Two other chromosomal regions (on chromosomes 10q (Figure 2b ) and 11p (Figure 2c ) also possessed clusters of adrenergic candidate loci.
More precise chromosomal positioning of these neuroeffector loci should facilitate their analysis in genetic linkage and allelic association studies of autonomic dysfunction in human hypertension. 6 
